Introduction {#sec1-1}
============

Pathologies and alterations of the articular cartilage represent the most important chronic conditions in developed countries. With the steady increase of the lifespan and of the active working life these pathologies are bound to impact ever more deeply on the national health expenditure and on the social cost represented by lost work hours. Far more important, however, are the limitation of social activities and the aggravation of the quality of life that these pathologies cause, particularly in elderly subjects.

Articular cartilage has been for a long time the subject of extensive research and the essential lines of its architecture and composition are well known.^[@ref1]^ Briefly, the articular cartilage is a fiber-reinforced composite material with collagen fibrils immersed in a functionally amorphous, highly hydrated matrix. The collagen fibrils emerge perpendicularly from the bone/cartilage interface and form wide arches, becoming tangential to the synovial surface as they approach this latter; the interfibrillar matrix contains specific proteins, hyaluronic acid, large proteoglycans (aggrecan and versican) and small leucine-rich proteoglycans^[@ref2]^ linked to chondroitinsulfates (CS) and keratansulfates (KS), depending from the availability of oxygen.^[@ref3]^ The cartilage is a physiologically hypoxic tissue, whose oxygen content decreases sharply from the synovial surface to the deepest layers.

While the whole thickness of articular cartilage is involved in resisting compressive forces, its synovial surface is the only portion also subject to friction and to additional shearing forces. It is therefore not unreasonable to hypothesize a different architecture of the synovial surface with respect to the underlying matrix, and it does not come unexpected that degenerative processes of this tissue begin with the disruption of this surface.^[@ref4]^

So far, the vast majority of the research on articular cartilage was carried out with section-based techniques, *i.e.* light microscopy (LM) and/or transmission electron microscopy (TEM). Although well-known and (in the case of TEM) endowed with an excellent resolution, these techniques are only applicable to cartilage sections (usually radial sections) and cannot provide a direct, face-on visualization of the cartilage surface. Other techniques such as second harmonic generation (SHG)^[@ref7]^ or diffusion tensor imaging (DTI)^[@ref10]^ remain below the resolution of conventional histology and/or still rely on tissue sections. Fourier transform infrared (FT-IR) imaging^[@ref11]^ also relies on sectioned material and, while it can provide complex chemical information on the structure and composition of the tissue, it is again limited in terms of spatial resolution. RAMAN^[@ref14]^ and small-angle X-ray scattering (SAXS)^[@ref17]^ are not imaging techniques at all but they have been applied to the study of collagen fibres orientation^[@ref10]^ or of the structural changes at the cartilage/bone interface.^[@ref15],[@ref17]^

Relatively few ultrastructural studies, scattered across a timespan of several decades, tried to investigate the surface of articular cartilage with appropriate high-resolution visualization techniques.^[@ref9],[@ref20]^

The present research was carried out with surface-based visualization techniques such as scanning electron microscopy (SEM) and atomic force microscopy (AFM) on healthy bovine articular cartilage as an attempt to improve our understanding of this tissue. Individual samples from the synovial surface and from the subsurface matrix were also analysed for differences in their glycosaminoglycans (GAGs) content and sulfation state.

Materials and Methods {#sec1-2}
=====================

Fragments of healthy bovine articular cartilages were obtained at the abattoir. Samples were pooled from different joints; samples from fresh cartilage were either shaved off as thin as possible from the cartilage surface or taken from the subsurface matrix and processed for glycoconjugate content.

Light microscopy {#sec2-1}
----------------

Samples intended for light microscopy were fixed overnight in Karnowski's solution (5% paraformaldehyde + 4% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4), embedded in paraffin, sectioned and stained with Hematoxylin-Eosin (0.5% Harris' Hematoxylin for 10 min, 0.25% Eosin for 10 min), Toluidine Blue (1% solution for 10-15 min at 70°C), Sirius Red (1% Sirius Red in saturated picric acid for 10 min) or Stains-All (0.005% Stains-All in 50% ethanol for 1 min).

All the samples were observed with a Nikon Eclipse 300 photomicroscope (Nikon, Tokyo, Japan) fitted with a Nikon Digital Sight DS-U1 camera.

Atomic force microscopy {#sec2-2}
-----------------------

Specimens intended for AFM visualization of the synovial surface were directly dehydrated in graded ethanol and in hexamethyldisilazane (Sigma-Aldrich, St. Louis, MO, USA). Some specimens were frozen in solidifying propane at approximately -188°C and fractured under liquid nitrogen at -196°C in order to obtain clean, unblemished surfaces across the whole cartilage thickness.

Specimens from both the superficial and deeper portions were treated overnight in 0.05% Cupromeronic Blue (Seikagaku Corp., Tokyo, Japan) in 25 mM sodium acetate buffer containing 2.5% glutaraldehyde and 0.1 M MgCl^[@ref2]^, then dehydrated as above. Other samples were fixed overnight in Karnowski's solution, then immersed for 5 days in daily changed NaOH 2N, rinsed for 24 h in distilled water and dehydrated as above.

All these specimens were mounted on appropriate holders and observed with a Digital Instruments (now Bruker, Billerica, MA, USA) MultiMode NanoscopeIIIa Atomic Force Microscope, fitted with MikroMaschHi-Res-C15/Cr-Au-5 probes (MikroMasch, Sofia, Bulgaria) and operated in Tapping Mode at a scan rate of 1 Hz. Images were rendered in 3D with Nanoscope Analysis v1.50 (Bruker).

Scanning Electron Microscopy {#sec2-3}
----------------------------

Specimens for SEM were fixed in Karnowski'solution, dehydrated in graded ethanol and hexamethyldisilazane, mounted on appropriate stubs with a colloidal silver glue, gold coated with an Emitech K550 sputter-coater (Emitech, Montigny-le-Bretonneux, France) and observed with a FEI XL-30 FEG high resolution SEM (now Thermo Fisher, Waltham, MA, USA) operated in secondary electron imaging at an acceleration voltage of 7 kV. At least three fragments were observed for each sample. Images were directly obtained as 8bpp, 1424x968 TIFF files.

GAGs extraction from bovine articular cartilage {#sec2-4}
-----------------------------------------------

Fresh cartilage from surface layer and deep zone of bovine articular cartilage was collected and used for GAGs extraction. Cartilage explant was cut into smaller pieces of about 1 x 5 mm and subjected to homogenization for 4 h in 1 mL of guanidine buffer, pH 5.0, containing 4 M guanidinium hydrochloride (VWR Chemicals BDH), 50 mM sodium acetate (Sigma-Aldrich) and protease inhibitors (SIGMAFAST™ Protease Inhibitor Cocktail Tablets, EDTA-Free from Sigma-Aldrich). The samples were incubated for 24 h at 4°C in rotation and, after a gentle centrifugation (20 min at 600 g at 4°C), the supernatant was collected. Following Karousou *et al*.^[@ref29]^ method for GAGs isolation, 9 volumes of cold pure ethanol per sample were added and the samples were left for 18 h at -20°C to precipitate proteoglycans and GAGs. After centrifugation (14,000 g x 40 min at 4°C), the pellet containing GAGs and proteins were resuspended in 0.1 M ammonium-acetate pH7. To remove proteins, samples were digested at 50°C for 3 h in gentle agitation with 20 U/mL of proteinase K (Finnzymes, now Thermo Fisher). The enzymatic treatment was terminated by boiling for 5 min. After an overnight incubation with cold pure ethanol (1:9) and a consequently centrifugation, the GAGs have been found in the pellet. Samples were resuspended in water for the quantification and for the agarose gel, while the rest of the sample were lyophilized and used for disaccharides extraction.

Uronic acid determination {#sec2-5}
-------------------------

The total GAGs concentration was determined measuring the glucuronic acid present in the sample following the method of van den Hoogen *et al.*^[@ref30]^ Using a 96-well plate, at 40 μL of sample were added 200 μL of concentrated sulfuric acid (80% w/w) and the plate was placed in a heater for 1 h at 80°C. After cooling at room temperature, the background absorbance of samples was measured at 540 nm on a microplate reader (Infinite M200 Pro, Tecan, Männedorf, Switzerland). Then 40 μL of 3-Hydroxy-biphenyl solution \[100 μL of 3-Hydroxy-biphenyl (Fluka, St. Gallen, Switzerland) in dimethyl sulfoxide (Sigma-Aldrich), 100 mg/mL, mixed with 4.9 ml of 80 % sulfuric acid\] was added. After an overnight incubation at room temperature in the dark, the pink-colored compound was read again at 540 nm. A standard curve with D-Glucuronic acid (Fluka) of 0, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 150, 200 μg/mL was included in the plate. The background was subtracted from the last reading and the uronic acid content was interpolated from the corresponding reference curve. From each mg of fresh cartilage were extracted about 6.5 μg (surface) and about 8.3 μg (deep) of GAGs.

Agarose gel of GAGs {#sec2-6}
-------------------

Horizontal gel electrophoresis was performed with GAGs isolated from cartilage and standards GAGs to assure their identities. Solutions of 1 mg/mL of each standard were prepared using hyaluronic acid sodium salt from human umbilical cord (Sigma- Aldrich), keratansulfate sodium salt from bovine cornea (Sigma- Aldrich), chondroitin 4-sulfate (CSA) sodium salt from whale cartilage (Seikagaku), chondroitin 6-sulfate (CSC) sodium salt from shark cartilage (Seikagaku), dermatan sulfate (CSB) sodium salt from pig skin (Seikagaku), heparansulfate from bovine kidney (Sigma-Aldrich).

Total GAGs extracted from cartilage (2 μg) and standards GAGs (7 μg) were applied to a 4% agarose gel in TAE 1x. After 40 min at 20 V and 4 h at 40 V, the gel was fixed and stained with 0.005% Stains-All (Sigma-Aldrich) for an overnight incubation in the dark. Then the gel was plated in distilled water in the dark for two days to remove the dye excess.

Disaccharides extraction from long chain GAGs of bovine articular cartilage {#sec2-7}
---------------------------------------------------------------------------

Lyophilized GAGs extracted from cartilage were resuspended in 100 μL of ammonium-acetate 0.1 M pH 7 and incubated with 0.1 mU/μL of Chondroitinase ABC from *Proteus vulgaris* (Sigma- Aldrich) for 5 h at 37°C. After an overnight incubation with cold pure ethanol (1:9) and centrifugation at 14,000 g for 40 min at 4°C, the sample was composed by the supernatant containing disaccharides of CS and the pellet with the others long chain GAGs. Then, to extract heparansulfates (HS) disaccharides, the pellet was resuspended in 100 μL of ammonium-acetate and incubated with a mix of Heparinase I, II and III from *Flavobacterium heparinum* (Sigma-Aldrich), 0.5 mU/μL each enzyme, for 18 h at 37°C. Disaccharides of HS were recovered in the supernatant and lyophilized. Commercial disaccharides of CS (Sigma-Aldrich) and HS (Seikagaku) were used as standards for polyacrylamide gel electrophoresis of fluorophore-labeled saccharides (PAGEFS) analysis.

![Histological sections of cartilage stained with Hematoxylin-Eosin (A), Toluidine Blue (B), Stains-All (C) and Sirius Red (D, top) consistently demonstrate a differential staining between a superficial zone, approximately 200-300 μm thick, and the underlying matrix. Sirius Red also reveals under crossed polars (D, bottom) a more compact and ordered layout of the superficial collagen fibrils, while Stains-All highlights the difference among the chondrocytes and their territorial matrix in different layers. All pictures are the same magnification; scale bars: 500 μm.](ejh-64-3-3146-g001){#fig001}

Derivatization procedure {#sec2-8}
------------------------

Derivatization of 5 nmol of each standards disaccharides and disaccharides derived from cartilage was done followed as described by Viola *et al*.^[@ref31],[@ref32]^ Briefly, a 40 μL volume of 12.5 mM of AMAC solution in glacial acetic acid/DMSO (3:17, v/v) was added and samples were incubated for 15 min at room temperature. A 40 μL volume of 1.25 M NaBH^[@ref3]^CN in water was added to each sample followed by an overnight incubation at 37°C.

PAGEFS {#sec2-9}
------

A MiniProtean III Cell vertical slab gel electrophoresis apparatus (Bio-Rad, Hercules, CA, USA) was used for disaccharides separation on gel electrophoresis following the protocol described by Viola *et al*.^[@ref31],[@ref32]^ PAGEFS for distinguish CS disaccharides requested different conditions in confront to HS disaccharides.

For CS, the stock solutions were 1.5 M Tris-HCl pH 8.8, 1.5 M Tris-Borate pH 8.8 (1.5 M Tris-HCl and 0.7 M of boric acid), acrylamide solution T50%/C7.5% and T50%/C15% (%T refers to the concentration (w/v) of acrylamide monomer and %C refers to the concentration (w/w) of cross-linker relative to the monomer). Using a 7.2 cm plates, 0.75 mm spacer, and wells of 0.5 cm, the resolving gel (for two gels) was prepared adding 5 mL of T50%/C7.5%, 1.25 mL of Tris-HCl, 1.25 mL of Tris-Borate and distilled water up to 10 mL. Then, 5 μL of TEMED and 50 μL of 10% (w/v) ammonium persulfate were added for the polymerization, while the stacking gel was prepared adding 0.5 mL of T50%/C15%, 1.2 mL of Tris-HCl and distilled water up to 5 mL plus TEMED and ammonium persulfate as done for the resolving. The running buffer was 150 mMTris--Borate pH 8.8 and the run was performed at 4°C at 400 V for 1 h.

For HS, an acrylamide solution of T50%/C5% was used for gel preparation. A 6 mL volume of T50%/C5%, 2.5 mL of 1.5 M Tris- HCl pH 8.8 and water up to 10 mL plus 5 μL of TEMED and 50 μL of 10% (w/v) ammonium persulfate were added to make the resolving gel (for two gels), while the stacking gel was arranged with 0.5 mL of T50%/C5%, 1.2 mL of 0.5 M Tris-HCl pH 6.8 and water up to 5 mL plus TEMED and ammonium persulfate as described before. The run was performed in 25 mMTris-HCl and 192 mM of glycine pH 8.3 at 4°C at 180 V for 45 min and at 400 V for 15 min. Gels were scanned in a UV-light box using a CCD camera (Gel Doc 2000 System) from Bio-Rad Laboratories.

Results {#sec1-3}
=======

All histological techniques confirmed the different nature of the cartilage superficial layer with respect of the underlying matrix ([Figure 1](#fig001){ref-type="fig"}). Samples stained with Hematoxylin-Eosin showed near the surface a pink color in unequivocal contrast with the pale blue staining of the deeper matrix. After treatment with Toluidine Blue and with Stains-all the surface remained far less stained than the subsurface matrix. In particular, Stains-All revealed a wider range of reactivity among the surface, the territorial matrix and the pericellular (territorial) matrix. Picro-Sirius Red under polarized light evidenced thin but compact layers of collagen fibrils immediately beneath the synovial surface, again contrasting with the scarce luminescence of the subsurface.

The color-code identification of GAGs ([Figure 2](#fig002){ref-type="fig"}) revealed that chondroitin-4-sulfate and dermatansulfate represent the most abundant species, followed by chondroitin-6-sulfate. Heparansulfate was also present, in particular in the deepest layers, while keratansulfate resulted essentially undetectable.

Analysis of the sulfation state of disaccharides required two distinct gels for polyacrylamide gel electrophoresis of fluorophorelabeled saccharides (PAGEFS), with different technical settings for the chondroitinsulfates ([Figure 3A](#fig003){ref-type="fig"}) and the heparansulfates ([Figure 3B](#fig003){ref-type="fig"}). The standards disaccharides used for PAGEFS are summarized in [Table 1](#table001){ref-type="table"}. The results reveal an evident undersulfation of the chondroitin residues near the synovial surface (diCS surface) with respect to those of the deeper layers (diCS deep), especially evident in the chondroitin-4-sulfate (ΔdiCS-4S) and the chondroitin sulfate in the position 2 of the uronic acid residue (ΔdiCS-(UA)2S), with more than twice the levels observed on the synovial surface. It is worth mentioning the presence of chondroitin- di- and tri-sulfate. The same trend is present, if somewhat less marked, for the heparansulfates. These contain minor amounts of disulfate, and no trisulfates at all.

![Color identification and analysis of the extracted glycosaminoglycans on agarose gel stained with Stains-All. The seven lanes correspond (left to right) to: hyaluronic acid 250kDa (HA); GAGs from the deep layers of the cartilage (Deep); GAGs from the synovial surface (Surface); keratansulfate (KS), heparansulfate (HS); dermatansulfate (DS); chondroitin-6-sulfate (CS-6S) and chondroitin-4-sulfate (CS-4S). The differences between the superficial and deeper zones is subtle but visible; in particular the deeper zone contains a greater amount of chondroitin-6-sulfate and heparansulfate.](ejh-64-3-3146-g002){#fig002}

The face-on view of untreated articular cartilage obtained by SEM ([Figure 4A](#fig004){ref-type="fig"}) reveals a finely textured surface, randomly scattered with debris and clumps with no apparent pattern; only in some cases collagen fibrils and bound proteoglycans are readily recognizable. Cells were never observed.

By contrast, treatment with Cupromeronic Blue ([Figure 4B](#fig004){ref-type="fig"}) exposed very fine parallel fibrils decorated by globular particles and/or interconnected by interfibrillar GAG bridges, especially evident at higher magnification and often regularly arranged in phase with the D-period of collagen. It must be noted that since Cupromeronic Blue precipitates on the GAG chains, these appear thicker than real. The NaOH treatment, by contrast, completely removed the non-collagenous fraction of the synovial surface ([Figure 4C](#fig004){ref-type="fig"}). With this technique the surface appeared composed of thin, parallel fibrils of very uniform diameter running parallel for large areas. Because of their small diameter their axial periodicity is barely, if at all, detectable. AFM pictures appeared completely consistent with SEM ([Figure 5](#fig005){ref-type="fig"}).

The deeper layer provided pictures quite different from the synovial surface and more consistent with the literature, with collagen fibrils of much larger and heterogeneous diameter laid out almost isotropically ([Figure 6A](#fig006){ref-type="fig"}). The thickest fibrils showed an evident D-period. Again, AFM resulted consistent with the SEM data ([Figure 6B](#fig006){ref-type="fig"}).

Discussion {#sec1-4}
==========

Our findings are always consistent among the different techniques used, but under several aspects they diverge from the current knowledge. We did not found clear evidence of the distinct superficial lamina reported by other authors with other techniques.^[@ref33]^ It must be considered that the synovial surface appears particularly rich in GAGs and in randomly scattered debris, which together on cross-sections may appear as a continuous sheath. Again, we never observed any evidence of the elastic fibers reported by other authors.^[@ref37]^ This may be ascribed to speciesrelated differences.^[@ref38]^ Both the collagen and the GAG amount seem to increase slightly, if at all, with depth: what does increase visibly is the collagen fibrils diameter and the GAG acidity, which determines the differential staining of the subsurface layers. The specific sulfation pattern of chondroitin and heparansulfates has been shown to critically modulate several aspects of the function and interactions of the extracellular matrix in other tissues^[@ref39]^ and in their development.^[@ref40]^

Under the SEM, the GAGs of the deeper layers appear smaller and less ordered than the superficial layer, where they form a regular array of interfibrillar filaments in phase with the D-spacing of collagen. It is unclear what may be the contribution of large proteoglycans and hyaluronic acid reported on this site by other authors.^[@ref41]^ The Sirius Red staining under crossed polars indicated the presence on and immediately below the surface of compact, organized layers of fibrils. This is consistent with literature^[@ref9],[@ref16],[@ref42]^ and was fully confirmed by our SEM and AFM observation, in particular following the NaOH treatment.

The dimensional heterogeneity of the collagen content between the synovial surface and the deeper layers of articular cartilage is unambiguous and consistent with recent research.^[@ref28]^ A recent study^[@ref43]^ describes two discrete categories of fibrils with small and uniform fibrils, approximately 20 nm in diameter, distinct from other fibrils characterized by a broad distribution of diameters starting from 40nm, with no fibrils between 20 and 40 nm. SEM requires metal-coated specimens and is not really suited to take quantitative measurements of fibril diameter, but the dimensional homogeneity is unmistakable and consistent with other high-resolution studies.^[@ref28]^

###### 

Structure of commercial disaccharides used for PAGEFS.

  Chondroitin sulfate (CS)   
  -------------------------- ---------------------------
  Δdi-CS-0S                  α-ΔGlcA-GalNAc
  Δdi-CS-6S                  α-ΔGlcA-GalNac(6S)
  Δdi-CS-4S                  α-ΔGlcA-GalNAc(4S)
  Δdi-CS-(UA)2S              α-ΔGlcA(2S)-GalNAc
  Δdi-CS-di(4,6)S            α-ΔGlcA(2S)-GalNAc(4S)
  Δdi-CS-di(2,6)S            α-ΔGlcA(2S)-GalNAc(6S)
  Δdi-CS-tri(2,4,6)S         α-ΔGlcA(2S)-GalNAc(4,6S)
  Heparan sulfate (HS)       
  Abbreviation               Structure
  Δdi-HS-0S                  α-ΔUA-\[1→4\]-GlcNAc
  Δdi-HS-NS                  α-ΔUA-\[1→4\]-GlcNS
  Δdi-HS-6S                  α-ΔUA-\[1→4\]-GlcNAc-6S
  Δdi-HS-diS2                α-ΔUA-2S-\[1→4\]-GlcNS
  Δdi-HS-diS1                α-ΔUA-\[1→4\]-GlcNS-6S
  Δdi-HS-triS                α-ΔUA-2S-\[1→4\]-GlcNS-6S

![Intensity quantification of AMAC-derivatized CS and HS disaccharides from cartilage after PAGEFS. In 3A variously sulfated CS disaccharides\[ΔdiCS-0S, ΔdiCS-6S, ΔdiCS-4S and ΔdiCS-(UA)2; see Table 1\] extracted from cartilage of surface (diCS surface) and deep (diCS deep) layer were analyzed. In 3B variously sulfated HS disaccharides\[ΔdiHS-0S, ΔdiHS-NS, ΔdiHS-6S, ΔdiHS-diS2, ΔdiHS-diS1 and ΔdiHS-triS; see Table 1\] extracted from cartilage of surface (diHS surface) and deep (diHS deep) layer were analyzed.](ejh-64-3-3146-g003){#fig003}

Several studies^[@ref43]^ point out the different composition of the smaller fibrils, which appear only if collagen XI is present and are composed of type XI, IX and II in a stoichiometric ratio of 1:1:8^[@ref45]^ or 1:1:6.^[@ref44]^ Larger, banded fibrils appear in organisms lacking collagen type XI^[@ref43]^or simply when the XI:II ratio falls under 1:8,^[@ref44]^ or even when otherwise normal collagen type II is overexpressed^[@ref45]^ The same thicker fibrils may also represent the lateral aggregation of the thinner fibrils, mediated by enzymatic removal of collagen type IX in the deeper layers.^[@ref28],[@ref43]^ It must be noted that collagen type XI is structurally and functionally similar to type V:^[@ref48],[@ref49]^ they both regulate fibrillogenesis by nucleating collagen fibrils, where they remain buried on the inner core and covered by other collagen types. For this reason we did not attempt a direct immunolocalization, which could yield unreliable results. All these data indicate that the synovial surface of the articular cartilage differs from its deeper layers in the composition and architecture of its collagen fibrils and in the species, sulfation and amount of its glycoconjugates; that these differences must reflect a differential production by the superficial and the deep chondrocytes triggered by a different milieu and/or different functional requests, consistently with other studies more focused on the cell fraction that also point out a cause-effect relationship between compressive loading and functional state of chondrocytes, down to chondroptosis and cartilage degeneration;^[@ref50]^ and finally that the average composition of the articular cartilage as a whole does not reflect the composition of its synovial surface, which in turn implies that cartilage repair and/or regeneration may be made more efficient by targeting the correct environment and the correct macromolecules. Clearly, this represents just a partial approach to the structural biology of the healthy synovial surface. The research is still underway.

![SEM micrographs of the cartilage surface. The untreated tissue shows a fine, chaotic texture where sporadic bundles of collagen fibrils become visible among a vast amount of debris and GAGs (A). Treatment with Cupromeronic Blue stabilizes the GAGs, which either radiate from the fibrils themselves giving them the appearance of barbed wire, or interconnect adjacent collagen fibrils with orthogonal bridges arranged in phase with the D-period (B). By contrast, NaOH treatment completely removes the GAGs and leaves behind only thin, smooth collagen fibrils of uniform diameter (C).](ejh-64-3-3146-g004){#fig004}

![AFM micrographs of cartilage specimens corresponding to those of [Figure 4](#fig004){ref-type="fig"}. In particular, the untreated surface (A) appears equally irregular while treatment with Cupromeronic Blue (B) thickens the GAG chains and make them more evident on the surface. On the contrary, treatment with NaOH removes everything except the collagen fibrils which are now more clearly visible. All pictures span a viewfield of 5x5 μm.](ejh-64-3-3146-g005){#fig005}

![Collagen fibrils from the middle layer of freeze-cracked bovine articular cartilage after NaOH treatment. Both SEM (A) and AFM (B) micrographs lie on a fracture plane approximately perpendicular to the cartilage surface, and they both show thicker, heterogeneous collagen fibrils displaying an evident crossbanding. The tissue appears spatially isotropic because the relatively small field of view does not allow a prevailing direction to emerge. Magnification is the same as the previous figures in order to allow a direct comparison with [Figures 4C](#fig004){ref-type="fig"} and [5C](#fig005){ref-type="fig"}.](ejh-64-3-3146-g006){#fig006}
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